ABSTRACT: A single-blind study of dystrophin staining in skeletal muscle was performed in 13 biopsies from carriers of Duchenne Muscular Dystrophy (DMD) and controls. The results indicate that immunohistochemical analysis of dystrophin staining is a valuable diagnostic test for DMD carriers when DNA for testing is unavailable from critical family members or is uninfoimative, when creatine kinase (CK) values are conflicting or when CK values must be used in isolation. RESUME: Coloration de la dystrophine chez les porteurs de la dystrophic musculaire de Duchenne. Nous avons procede a une etude en simple insu de la coloration de la dystrophine dans des biopsies de muscles squelettiques provenant de porteurs de la dystrophic musculaire de Duchenne (DMD) et chez des controles. Les resultats indiquent que I'analyse immunohistochimique par coloration de la dystrophine est une epreuve diagnostique valable chez les porteurs de la DMD quand l'ADN de certains membres strategiques de la famille n'est pas disponible ou n'est pas informatif, quand les valeurs de creatine-kinase (CK) sont discordantes ou quand les valeurs de CK doivent etre utilisees de facon isolee.
With 66% of mothers of children with Duchenne Muscular Dystrophy predicted to be carriers, the ability to definitively assign carrier status is essential to ensure accurate genetic counselling. 1 A review of our local five year experience of carrier studies in DMD revealed that in spite of remarkable advances in DNA testing, definitive (> 95% or < 5% probability) carrier assignment was still not possible in 4 of 35 (11%) DMD families studied because either critical DNA samples were unavailable or DNA analysis was uninfoimative. Furthermore, 35% of mothers of "sporadic" DMD boys are still being counselled as high probability carriers on the basis of CK data and Bayesian analysis alone.
Immunohistochemical analysis of dystrophin expression has been previously reported as a means of direct carrier detection. 2 " 7 Although reports have confirmed the presence of a mosaic pattern in some carriers, the worldwide experience is limited and controversy still exists over the sensitivity and specificity of dystrophin immunohistochemistry as a direct diagnostic test. As dystrophin-negative fibres appear to be rarely seen in asymptomatic carriers, 8 -9 we felt it was important to conduct this study free from potential bias in a single-blind fashion.
The results of this single blind study suggest that dystrophin immunohistochemistry may indeed be useful as an ancillary test for DMD carrier assignment and that the specificity is sufficiently high for the test to be used in certain diagnostic situations, particularly when DNA results are unavailable or uninformative.
MATERIALS AND METHODS
The study pool consisted of open quadriceps muscle biopsies obtained from seven normal individuals and six carrier females each of whom had at least one son with well documented DMD. The seven normal biopsies (histology and histochemistry) were obtained from patients undergoing investigations for malignant hyperthermia. Their caffeine-halothane contracture tests were normal. The carrier biopsies were obtained from three obligate carriers (either 2 affected sons or at least one affected son and one affected brother) and three high probability carriers (one symptomatic female and two with detectable DNA alterations). Informed consent was obtained prior to biopsy, and the study was approved by the Faculty Committee on the Use of Human Subjects in Research. Muscle biopsies were snap frozen in liquid nitrogen cooled 2-methyl-butane and stored at -70°C. The biopsies were randomly coded by a third party. All biopsies were processed using two mouse monoclonal anti-dystrophin antibodies (Nova Castra, Newcastle), Dys 1, directed against amino acids 1181-1388 in the rod portion of dystrophin and Dys-2, directed against the last 12 amino acids at the carboxy terminus. Both peroxidase and immunofluorescence techniques were used according to the following protocol.
Eight micron frozen sections were prepared on amino-alkyl silane (AAS) coated slides. Dys-1 and Dys-2 were used undiluted and incubated overnight and 2 hours respectively. The LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES second antibody was biotinylated anti-mouse (Biogenex, SanRamon, CA, streptavidin kit) for the peroxidase slides and biotinylated anti-mouse (Amersham, Arlington Heights, IL) 1/100 in 0.1% bovine serum albumin (BSA) diluted in phosphate buffered saline (PBS) for the immunofluorescence. For all the peroxidase slides, streptavidin linked peroxidase (Biogenex kit) was used undiluted and developed using diaminobenzamine (DAB) PBS H 2 0 2 , counterstained and mounted. For immunofluorescence, streptavidin Texas Red (Amersham) was used 1/100 in PBS. As negative controls, both the primary antibody was omitted and biopsies from known DMD males were used.
Individual fibres were scored as positive if the staining was continuous around the fibre, uncertain if the fibre appeared incompletely stained or negative if no staining was visible at the sarcolemma. In total, three hundred fibres were scored for each slide (total 23,400 fibres) using random non-overlapping fields at 200x magnification. On all biopsies, the fibres at the periphery of the biopsy were not scored. A standard pathology report was independently prepared by one of us (WCH) based on studies of paraffin sections as well as a battery of standard histochemical stains and reactions.
The biopsies were scored blindly. The investigator did not even know the proportion of carriers and controls. Prior to breaking the code, all 13 women in the study were assigned either a low probability or a high probability of being a carrier for DMD based on the presence or absence of a mosaic staining pattern in their biopsies.
RESULTS
Based on the presence of dystrophin negative fibres and prior to breaking the code, four subjects, (#2,10,11,13) were assigned a high probability of being a DMD carrier due to the presence of a mosaic staining pattern and nine subjects were assigned a low probability of being a carrier. Breaking the code revealed all four subjects, predicted to be carriers based on their dystrophin staining pattern, were in fact known carriers of DMD. The seven normal controls in our study were also correctly assigned. However, the two-remaining known carriers of DMD were misclassified as non-carriers and thus represent false-negatives (Table 1 ).
In known affected DMD patients, no positive staining was observed in any fibres and omission of the primary antibody as a negative control consistently resulted in completely negative slides. In the four biopsies with a mosaic pattern (Figure 1) , the percentage of fibres with no staining at the sarcolemmal membrane ranged from 0.7% to 10.9% with the only symptomatic carrier (#13) having the highest proportion of negative fibres. The negative fibres were distributed throughout the biopsies and occurred both in isolation and also in small clusters. The two remaining carrier biopsies were indistinguishable from the normal controls. Using the Fisher exact test, a 98% correlation existed between the presence of negative fibres and being a carrier for DMD (p < 0.025).
Both antibodies with both techniques resulted in a low percentage of fibres which were scored as uncertain (data not shown). On the average, 1.8% of the fibres were scored uncertain with the range being 0-18%.
There were no neuropathological abnormalities in 4/6 carrier biopsies. Subject 11 's biopsy showed mild, non-specific changes consisting of internal nuclei and a mild increase in the spectrum of fibre sizes. Subject 13, in addition to the pathology noted for Subject II, had increased endomysial connective tissue and fibre splitting. Both of these carriers also had negatively staining fibres (5% and 10% respectively). None of the biopsies showed necrotic fibres.
DISCUSSION
Women carry two copies of the X-chromosome and therefore two doses of X-linked genes. Random X-inactivation (Lyonization) restores the gene dosage to a single copy per nucleus. 10 This random process, which occurs early during embryogenesis, results in women who are somatic mosaics for X-linked genes. DMD carrier muscle cells, which develop from the random fusion of myoblasts, will contain both dystrophincompetent and dystrophin-incompetent nuclei. The presence of dystrophin-competent nuclei can therefore account for the observation that the majority or all of the muscle fibres in carriers appear to have normal dystrophin staining. Several processes and factors can explain the variability in the proportion of negative fibres observed in adult carriers. These include: skewed X-inactivation, regional clustering of dystrophin-incompetent nuclei, fusion with dystrophin-competent satellite cells, selection against dystrophin-negative fibres and the length of membrane for which a nucleus can provide the genetic information for dystrophin. The detection of a mosaic staining pattern in both human and mdx mouse heterozygotes (data not shown) confirms the presence of Lyonization although little can be definitively concluded from our study regarding the pathogenesis of this variability.
The results of our blind study clearly indicate that immunohistochemistry is specific enough to be used as a diagnostic test. Our study however, fails to reach a definitive conclusion on the sensitivity of the test. Although 4/6 carriers were detected, two of these biopsies had negative fibres present at such low frequency that technical and sampling errors might have resulted in the negative fibres being missed. Perhaps counting more than three hundred fibres at multiple levels from the same biopsy may increase the sensitivity of the test.
A comparison of our results using various combinations of antibodies and protocols identified the use of the monoclonal antibody Dys 2 and immunofluorescence as the most sensitive combination (Table 1) . Dys 1 failed to identify 3 of 6 carriers and the peroxidase technique failed to identify 4 of 6 carriers. Although sampling errors can account for this discrepancy, the monoclonal antibody Dys 2 in combination with immunofluorescence gave much cleaner preparations which were easier to score. The presence of fibres scored as uncertain was felt to be largely due to technical factors and mainly involved the peroxidase technique. No significance or pattern could be attributed to the presence or proportion of uncertain fibres.
Although the prospect of assigning a high probability carrier status based on the presence of only a few negative fibres is daunting, we and several other groups have never identified a negative fibre in a normal control 26 . We therefore conclude that the presence of negative fibres in any proportion is significant and diagnostic although the absence of negative fibres is not sufficient to exclude the diagnosis.
Several previous reports have indicated that dystrophin immunohistochemistry can detect some carriers with high CK values 2 -3 "' 2 . All four of the biopsies with negative fibres in our study were from carriers with elevated CK levels while the two carriers with normal CK went undetected. However, CK levels may also vary in normal individuals following exercise, with age and in pregnancy. 15 Haariainen et al. 16 described five families in whom a sister or maternal aunt had elevated CK activity although DNA analysis predicted low risk DMD carrier status. We have also encountered similar situations and conclude that CK values, due to their non-specific nature, remain difficult to interpret in certain situations and that dystrophin immunohistochemistry is an important adjunct.
The presence of an age-related conversion of negative-fibres to positive fibres in heterozygote mdx mice as initially reported by Karpati et al. 17 was confirmed in our own lab (data not shown). These results may explain the observed phenomena in women whereby CK levels are higher in younger carrier women but tend to fall in later years. 1516 Practically, the phenomenon seen in mice suggests that immunohistochemistry may be more sensitive in younger women and may need to be performed during adolescence or childhood to have its greatest diagnostic sensitivity. It is interesting to note that the two subjects in our study who did not have negative fibres were also the two oldest women (51 & 59 yrs) in our study. Although Vainzof et al. 9 did not find this correlation between negative fibres and young asymptomatic carriers, the benefits, role and diagnostic value of testing younger women should be further carefully explored. In addition, the recent report by Mateddu et al. 7 demonstrates variable dystrophin expression between different muscle groups of DMD carriers implying immunohistochemical characterization of dystrophin expression in more than one muscle may improve the sensitivity of this analysis.
We believe that immunohistochemistry will prove to be useful in DMD families where no DNA is available or as an adjunct to CK values. However, further studies are needed to determine the sensitivity of immunohistochemistry and whether immunohistochemical analysis will prove to be more valuable in greater than one muscle and in younger females.
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